The integrin ␣ IIb ␤ 3 mediates platelet adhesion, spreading, and aggregation and thus plays a critical role in thrombosis and hemostasis (1) . In normal circulating platelets, the integrin ␣ IIb ␤ 3 is in a resting state with a low affinity for its ligands such as fibrinogen and von Willebrand factor (vWF). 1 At sites of vascular injury, exposure of platelets to soluble agonists (such as thrombin and ADP) or to matrix-bound adhesive proteins (such as collagen and vWF) induces platelet activation. A common consequence of platelet activation is the activation of the ligand binding function of the integrin ␣ IIb ␤ 3 (2, 3) . Under high shear rate flow conditions, such as in stenotic atherosclerotic arteries, initial platelet adhesion and activation are dependent on the interaction between subendothelium-bound vWF and its receptor, the glycoprotein Ib-IX (GPIb-IX) complex (4 -10) . GPIb-IX not only mediates the physical adherence of platelets to the site of vascular injury but also initiates signal transduction, leading to activation of ligand binding function of the platelet integrin ␣ IIb ␤ 3 (11) (12) (13) (14) (15) . In addition, GPIb␣ binds thrombin and is required for the low dose thrombin-induced integrin activation and platelet aggregation (16 -22) . The importance of GPIb-IX pathway in platelet function is manifested in Bernard-Soulier syndrome, in which genetic deficiency in GPIb-IX resulted in defects in platelet adhesion and activation (10) . The mechanism of GPIb-IX-mediated integrin activation is not fully understood. However, we have recently shown that the cGMP-dependent protein kinase (protein kinase G (PKG)) is an important stimulatory mediator in the GPIb-IX-induced activation of integrin ␣ IIb ␤ 3 . 2 Mitogen-activated protein kinases (MAPKs) are a family of serine-threonine kinase activated by many extracellular stimuli including growth factors and hormones. Four distinct subgroups within the MAPK family have been described, including the extracellular signal-regulated kinases (ERKs), the c-Jun NH 2 -terminal kinases, ERK5/big MAP kinase (BMK1), and p38 group of protein kinases. At least three subgroups of these MAP kinases, ERK1/ERK2 (23), p38 (24) , and c-Jun NH 2 -terminal kinase (25) , have been identified in platelets and shown to be activated when platelets are stimulated by different agonists such as thrombin and collagen. The prototype MAPK pathway, ERK pathway, consists of a cascade of protein kinases, Raf1, MEK1, and ERK1/ERK2, which sequentially activate a downstream kinase. Raf-1 activation involves Ras and 14-3-3 protein (26) . The functions of ERK MAPK pathway in platelets have not been fully understood. ERK has been shown to phosphorylate and activate cytoplasmic phospholipase A2, which is a rate-limiting enzyme in synthesis of thromboxane A2 (TXA2) (27) . However, it was reported that ERK pathway is not required in the cytoplasmic phospholipase A2 activation in platelets stimulated by thrombin, as MEK1 inhibitor PD98059 did not abolish thrombin-induced arachidonic acid release (28) . It has been reported that ERK pathway is not required for primary platelet response to high doses of collagen and thrombin (28) , although MEK1 inhibitor PD98059 has been shown in other studies to inhibit platelet aggregation induced by low doses of collagen and ADP (29) . The interpretation of these data has been complicated by the report suggesting that PD98059 may directly inhibit cyclooxygenases in TXA2 synthesis pathway, which is important in platelet aggregation induced by low dose collagen and ADP (29) .
In this study, we have examined the roles of ERK pathway in GPIb-IX-dependent platelet activation using a combination of molecular biology and pharmacological approaches. We show that ERK pathway is important in GPIb-IX-dependent integrin activation signaling. We further show that activation of PKG is sufficient to activate ERK pathway and is necessary for GPIb-IX-mediated activation of ERK. These data, combined with our recent finding that PKG mediates GPIb-IX-dependent platelet activation, 2 delineate a novel signaling pathway of platelet activation in which ligand binding to GPIb-IX sequentially activates PKG pathway and ERK MAP kinase pathway leading to integrin activation.
EXPERIMENTAL PROCEDURES

Expression of Recombinant cDNA Constructs in Chinese Hamster
Ovary (CHO) Cells-CHO cells coexpressing integrin ␣ IIb ␤ 3 and GPIb-IX complex (123 cells), pcDNA3.1 vector-transfected 123 cells, or 123 cells expressing recombinant PKG I␣ were described previously (15) . 2 A mutant of MEK1 (K97M) (kinase activity-deficient) was a generous gift from Dr. Gary Johnson, University of Colorado (30) . A kinase activity-deficient mutant of Raf-1 (Raf301) was constructed as described previously (31) and was kindly provided by Dr. Mark Renshaw, The Scripps Research Institute. These constructs were subcloned in pcDNA3.1/Zeoϩ vector and transfected into 123 cells using LipofectAMINE plus (Life Technologies, Inc.). Stable cell lines were established by selection with 0.4 mg/ml zeocin added to culture media. Expression of these proteins was assessed by Western blotting with anti-MEK1/2 or anti-Raf-1 antibodies (Santa Cruz Biotechnology).
GPIb-IX-mediated Integrin Activation in Reconstituted CHO Cell Model-GPIb-IX-mediated activation of integrin ␣ IIb ␤ 3 was examined by flow cytometry analysis of Oregon Green 488-labeled fibrinogen (Molecular Probes) binding to integrin ␣ IIb ␤ 3 as described previously (15) . Briefly, transfected CHO cells were detached from the tissue culture plates by 0.5 mM EDTA in phosphate-buffered saline. After washing, the cells were resuspended in modified Tyrode's solution (2.5 mM Hepes, 150 mM NaCl, 2.5 mM KCl, 12 mM NaHCO 3 , 5.5 mM Dglucose, 1 mM CaCl 2 , 1 mM MgCl 2 , 1 mg/ml bovine serum albumin, pH 7.4) as described previously (15) . The cells were incubated with Oregon Green-labeled fibrinogen and ristocetin (a cofactor that activates vWF binding to GPIb-IX) in the presence or absence of purified human vWF (20 g/ml) at 22°C for 30 min and analyzed by flow cytometry. Nonspecific binding of fibrinogen was estimated by measuring fibrinogen binding in the presence of a specific integrin inhibitor RGDS peptide (1 mM). We have previously shown that RGDS but not RGES peptides specifically inhibit fibrinogen binding to integrin ␣ IIb ␤ 3 (32) .
Preparation of Platelets-Fresh venous blood was anti-coagulated with 1 ⁄10 volume of 3.8% trisodium citrate. Platelet-rich plasma (PRP) was obtained by centrifugation at 300 ϫ g for 20 min at 22°C. To prepare washed platelets, blood was anti-coagulated with ACD (2.5% trisodium citrate, 2% D-glucose, and 1.5% citric acid) (1/7 volume). PRP was further centrifuged at 1500 ϫ g for 20 min. Platelets were then washed twice with CGS (0.12 M NaCl, 0.0129 M trisodium citrate, and 0.03 M D-glucose, pH 6.5) containing 0.1% bovine serum albumin, resuspended in modified Tyrode's solution, and allowed to recover to resting state at 37°C for 1-2 h as previously described (32) . In experiments to detect ERK phosphorylation, platelets resuspended in Hepes buffer (145 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 10 mM Hepes, and 10 mM D-glucose, pH 7.4) (5 ϫ 10 8 /ml) were incubated with vWF (20 g/ml) and botrocetin (5 g/ml, a cofactor that activates vWF binding to GPIb-IX) or incubated with 8-bromo-cGMP (0.1 mM), 8-pCPT-cGMP (0.1 mM), or glyco-SNAP1 (N-(␤-D-glucopyranosyl)-N 2 -acetyl-S-nitroso-D,L-penicillaminamide, Calbiochem) (0.1 mM) at 37°C for various lengths of time and then analyzed for ERK phosphorylation as described below.
Detection of ERK Phosphorylation-Transfected CHO cells were detached from tissue culture plates as described above and resuspended in modified Tyrode's buffer (5 ϫ 10 6 cells/ml). Resuspended cells were stimulated with vWF (20 g/ml) and botrocetin (5 g/ml) (or 1 mg/ml ristocetin) at 22°C for 5 min. In some experiments, the cells were also incubated for 5 min after adding 8-bromo-cGMP (0.1 mM), 8-pCPTcGMP (0.1 mM), or SNAP1 (0.1 mM) to stimulate PKG activity. When examining the effect of PKG inhibitors, Rp-8-pCPT-cGMP (200 M) was preincubated with cells at 22°C for 5 min before the addition of vWF and botrocetin. Cells were solubilized by adding an equal volume of SDS-polyacrylamide gel electrophoresis sample buffer containing 0.2 mM E64, 20 g/ml aprotinin, and 2 mM phenylmethylsulfonyl fluoride, and nuclear DNA was removed by centrifugation. Platelet lysates were prepared as described above. Proteins in lysates were separated by SDS-polyacrylamide gel electrophoresis on a 4 -15% gradient polyacrylamide gel and then electrotransferred to polyvinylidene difluoride membranes. The membranes were immunoblotted with an anti-ERK2 antibody (Santa Cruz) or an anti-ERK antibody recognizing the phosphorylation-dependent epitope in the Thr-202/Tyr-204 site of ERKs (New England Biolabs), and reactions were visualized using the enhanced chemiluminescence kit (Amersham Pharmacia Biotech).
Platelet Aggregation-Platelet aggregation was measured using a turbidometric platelet aggregometer at 37°C with a stirring speed at 1000 rpm. vWF-dependent platelet aggregation was induced by the addition of vWF modulators, ristocetin, or botrocetin to PRP. For ␣-thrombin-induced platelet aggregation, washed platelets were used. In some experiments, aspirin (100 g/ml), RGDS (1 mM), or MEK inhibitors PD98059 or U0126 were preincubated with platelets at 37°C for 5 min before the addition of agonists.
RESULTS
Inhibition of GPIb-IX-mediated Activation of Integrin by Dominant Negative Mutants of MEK1 and Raf-1-
We have recently shown that activation of the platelet integrin ␣ IIb ␤ 3 can be reconstituted in CHO cells expressing both recombinant human GPIb-IX and integrin ␣ IIb ␤ 3 (123 cells) (15) . Similar results has also been shown by Zaffran et al. (33) . In 123 cells, binding of vWF to GPIb-IX triggers activation of integrin ␣ IIb ␤ 3 , allowing specific binding of fibrinogen, which is a physiological ligand of integrin ␣ IIb ␤ 3 . Reconstitution of integrin activation in this cell line thus allows analysis of integrin activation pathways using molecular biology techniques. To identify the roles of MAPK pathway in GPIb-IX-mediated integrin activation, 123 cells were transfected with cDNA constructs encoding dominant negative mutants of Raf-1 (Raf301) (31) or MEK1 (MEK1 K97M) (30) . Immunoblotting analysis confirmed that Raf301 or MEK1 K97M mutants were ex- . D, cells expressing vector, Raf301, or MEK1 K97M were also analyzed by flow cytometry for the expression levels of GPIb-IX using an anti-GPIb␣ monoclonal antibody, SZ2, and for expression levels of integrin ␣ IIb ␤ 3 using a monoclonal antibody against ␣ IIb ␤ 3 complex, D57. Note that the expression levels of GPIb-IX and ␣ IIb ␤ 3 between these cell lines are comparable.
pressed in the respective cell lines (Fig. 1, A and B) . Three different clones each of Raf301-or MEK1 K97M-expressing cells were examined for vWF-induced integrin activation, as indicated by specific binding of soluble fibrinogen. In comparison with the vector-transfected cells, vWF-induced fibrinogen binding to integrin ␣ IIb ␤ 3 in either Raf301-or MEK1 K97M-expressing cells was significantly inhibited (Fig. 1C) . The inhibitory effects of the dominant negative mutants did not result from their effects on the expression of integrin ␣ IIb ␤ 3 or GPIb-IX, as expression levels of these two receptors in vector-or mutant-transfected cell lines were comparable (Fig. 1D) . Also, brief preincubation (5 min) with a MEK inhibitor, PD98059 (20 M), inhibited vWF-induced fibrinogen binding to 123 cells (not shown). These results indicate that the ERK pathway is important in the signaling pathway of GPIb-IX-mediated integrin activation.
GPIb-IX-mediated Activation of the ERK Pathway in the Reconstituted CHO Cell Model-If the ERK pathway mediates
GPIb-IX signaling, ligand binding to GPIb-IX is expected to stimulate the MAPK cascade, leading to ERK activation. It is known that activation of ERK is a consequence of ERK phosphorylation at Thr-202 and Tyr-204 by its upstream kinase MEK (34) . Thus, to determine whether the ERK pathway is activated after ligand binding to GPIb-IX, we examined phosphorylation of ERK using an anti-ERK antibody recognizing the phosphorylated Thr-202/Tyr-204 site of ERK. Phosphorylation of ERK1 or ERK2 was minimal in suspended 123 cells or in 123 cells treated with ristocetin alone (Fig. 2A) . Stimulation of 123 cells with vWF in the presence of ristocetin significantly enhanced phosphorylation of ERK2 ( Fig. 2A) . GPIb-IX-induced ERK2 phosphorylation was inhibited in cells expressing either Raf301 or MEK1 M97K mutants ( Fig. 2A) . Thus, vWF binding to GPIb-IX stimulates MAPK pathway leading to ERK2 phosphorylation, which is inhibited by dominant negative mutants of the upstream kinases.
The Roles of PKG in GPIb-IX-mediated Activation of ERK Pathway-We have shown that PKG I is an important stimulatory mediator in GPIb-IX-mediated integrin activation. 2 In 123 cells, expression of recombinant human PKG I significantly enhances GPIb-IX-mediated integrin activation. To determine if expression of PKG I also enhances GPIb-IX-induced activation of MAPK pathway, PKG I␣-expressing 123 cells (123PKGI␣ cells) were treated with or without vWF and ristocetin and then analyzed for ERK2 phosphorylation. Expression of PKG I␣ dramatically enhanced vWF-stimulated ERK2 phosphorylation in comparison with vector-transfected 123 cells (Fig. 2B) , indicating that PKG promotes GPIb-IX-induced activation of ERK pathway. To determine whether phosphorylation of ERK2 in 123PKGI␣ cells is GPIb-IX-dependent, cells were preincubated with an anti-GPIb␣ monoclonal antibody, SZ2, before the addition of vWF and ristocetin. vWF-induced ERK2 phosphorylation was inhibited by SZ2 (Fig. 2C ). In contrast, mouse IgG had no significant effect (Fig. 2C) . Furthermore, an integrin inhibitor, RGDS peptide, had no inhibitory effect on vWF-induced activation of ERK2, excluding a possible role for integrin outside-in signaling in ERK2 phosphorylation (Fig. 2C) . Thus, PKG promotes GPIb-IX-dependent ERK2 phosphorylation.
To determine whether PKG is required for vWF-induced ERK2 activation, we attempted to determine if a specific inhibitor of PKG, Rp-8-pCPT-cGMP, could inhibit GPIb-IX-mediated phosphorylation of ERK2. Rp-8-pCPT-cGMP inhibited phosphorylation of ERK2 induced by vWF. Thus PKG activity is required for GPIb-IX-induced activation of ERK2 (Fig. 3A) . To further examine whether activation of PKG is sufficient to stimulate ERK2 phosphorylation, 123 cells or 123PKGI␣ cells were treated with PKG activators (8-bromo-cGMP, 8-pCPTcGMP, or glyco-SNAP1) and then examined for ERK2 phosphorylation. All these PKG activators induced phosphorylation of ERK2 in 123 cells (Fig. 3B) , and the phosphorylation of ERK2 induced by PKG activators was dramatically increased in 123PKGI␣ cells (Fig. 3B) . Thus, activation of ERK2 is downstream from PKG in the GPIb-IX-mediated integrin activation pathway.
The Role of ERK Pathway in GPIb-IX-dependent Integrin Activation in Human Platelets-The above-described data indicate that ERK pathway is downstream from PKG in the GPIb-IX-mediated integrin activation in a reconstituted CHO cell model. To determine if this finding appropriately reflects the role of MAPK pathway in vWF-induced integrin activation in human platelets, we examined the effect of MEK inhibitors PD98059 or U0126 on vWF-induced, integrin-dependent platelet aggregation. As shown previously, ristocetin-induced vWF binding to GPIb-IX induces activation of integrin ␣ IIb ␤ 3 and a reversible aggregation/agglutination of platelets (partially inhibited by RGDS (Fig. 4) ), leading to a totally integrin-dependent second wave of platelet aggregation. The addition of either PD98059 or U0126 dose-dependently inhibited integrindependent platelet aggregation induced by ristocetin (Fig. 4, A   FIG. 2 . GPIb-IX-mediated ERK2 phosphorylation in the CHO cell model. A, vector-, Raf301-, or MEK1 M97K-transfected 123 cells were incubated with buffer (Control), ristocetin (1 mg/ml) (Risto), ristocetin and vWF (20 g/ml) (vWF) at 22°C for 5 min. Cells were solubilized by adding equal volume of 2ϫ SDS-sample buffer. Phosphorylation of ERK (P-ERK2) was analyzed by Western blotting using an antibody specific for phosphorylated Thr-202/Tyr-204 of ERKs (New England Biolabs). Equal sample loading was assessed by Western blotting using an anti-ERK2 antibody (Santa Cruz Biotechnology). Note that vWF stimulates ERK2 phosphorylation in vector-transfected but not in Raf301-or MEK1 M97K-transfected 123 cells. B, vector-or PKG I␣-transfected 123 cells were incubated with buffer (Control), ristocetin (1 mg/ml) (Risto), ristocetin and vWF (vWF) at 22°C for 5 min and then immunoblotted to detect ERK2 phosphorylation as described in A. Note that ERK2 phosphorylation is significantly enhanced in PKG-expressing cells. C and D, PKG-transfected 123 cells were preincubated with mouse IgG (40 g/ml) or a monoclonal antibody against GPIb␣, SZ2 (40 g/ml), or RGDS peptide (1 mM) at 22°C for 5 min and then analyzed for ERK2 phosphorylation as described in A. A representative result is shown in C. Shown in D are the results from four experiments that were scanned and quantitated using NIH Image software. The difference between control (mouse IgG) and SZ2-treated samples is statistically significant (p Ͻ 0.005).
and B) or botrocetin (not shown). To examine if the inhibitory effect of PD98059 is dependent on its possible effect on cyclooxygenases, ristocetin-induced platelet aggregation/agglutination was examined in the presence of cyclooxygenase inhibitor aspirin. As expected, a TXA2-dependent second wave of platelet aggregation was diminished in the presence of aspirin. However, the ristocetin-induced first wave of platelet aggregation/agglutination was not significantly affected by aspirin but was significantly (but partially) inhibited by RGDS peptide even in the presence of aspirin, suggesting that vWF-induced integrin activation precedes the second wave of platelet aggregation and is independent of TXA2 pathway (Fig. 4C) . The addition of PD98059 to the aspirin-treated platelets inhibited ristocetin-induced platelet aggregation in a manner similar to RGDS (Fig. 4C) . These results exclude the possibility that the inhibitory effects of PD98059 on GPIb-IX-mediated integrin activation are caused by its effect on cyclooxygenases. Thus, ERK pathway is important in GPIb-IX-mediated integrin activation in platelets.
It is known that GPIb-IX pathway is not only required for vWF-induced platelet activation but also for platelet activation induced by low dose thrombin. To examine whether the MAP kinase pathway was required for low dose-thrombin-induced platelet activation, washed platelets were incubated with PD98059 or U0126 and then stimulated with a low dose of thrombin (0.05 units/ml). Fig. 5 shows that thrombin-induced platelet activation was inhibited by these MEK1 inhibitors. To exclude the possibility that the inhibitory effects of PD98059 resulted from a possible effect on cyclooxygenases (29) , platelets were preincubated with aspirin and then stimulated with the same concentration of thrombin. We found that aspirin had no inhibitory effects on low dose thrombin-induced platelet aggregation (Fig. 5) . Thus, the inhibitory effect of PD98059 is unlikely to result from its effect on cyclooxygenases. Taken together, these data indicate that MAP kinase pathway is indeed important in GPIb-IX-dependent activation of integrin ␣ IIb ␤ 3 in platelets.
GPIb-IX-dependent Activation of the ERK Pathway in Plate-
lets-To determine if the ERK pathway is activated after ligand binding to GPIb-IX, we examined vWF-induced ERK phosphorylation in platelets. ERK phosphorylation was minimal in resting platelets or control platelets treated with botrocetin (or ristocetin) alone (Fig. 6A) . When vWF was added in the presence of botrocetin (or ristocetin), however, ERK2 phosphorylation was significantly enhanced (Fig. 6A) . Phosphorylation of ERK2 reached maximum only 30 s after the addition of vWF and was significantly reduced after 5 min, suggesting that ERK2 phosphorylation is an early signaling event (Fig. 6A) . These data indicate that vWF binding to GPIb-IX activates ERK pathway in human platelets.
Activation of ERK Pathway Is Downstream from PKG in the GPIb-IX-mediated Integrin Activation in Platelets-
To further investigate whether activation of MAPK is downstream from PKG in the GPIb-IX-signaling pathway in platelets, we examined the effects of PKG activators and inhibitors on the phosphorylation of ERK2 in platelets. Again, Rp-8-pCPT-cGMP, a specific inhibitor of PKG, abolished vWF-induced phosphorylation of ERK2 (Fig. 6B) , indicating that PKG is important in GPIb-IX-dependent activation of the ERK pathway. PKG activators (8-bromo-cGMP, 8-pCPT-cGMP, or SNAP1) induced phosphorylation of ERK2 in platelets without requiring other stimuli (Fig. 6C) , indicating that PKG activation is sufficient to activate ERK pathway in platelets. Taken together, we have identified a novel signaling pathway of platelet activation; ligand binding to GPIb-IX induces PKG activation. PKG stimulates ERK pathway leading to activation of integrin ␣ IIb ␤ 3 .
DISCUSSION
In this study we found that 1) ligand binding to GPIb-IX activates ERK pathway, which is important in mediating GPIb-IX-induced activation of integrin ␣ IIb ␤ 3 , and 2) the ERK pathway is downstream from PKG in the GPIb-IX-induced integrin activation. Together with our recent finding that GPIb-IX-induced platelet activation requires the cGMP-PKG pathway, these data delineate a novel integrin activation signaling pathway in which ligand binding to GPIb-IX induces activation of PKG, which stimulates ERK pathway, leading to activation of integrin ␣ IIb ␤ 3 (Fig. 7) .
The elements of ERK MAPK pathway are abundant in platelets. Previous studies indicate that ERK pathway is stimulated during platelet activation induced by platelet agonists such as ADP, collagen, and thrombin (23, 28) . However, understanding the roles of MAPK in platelet activation has been complicated by the report that the commonly used inhibitor of ERK pathway, PD98059, also inhibits cyclooxygenases and, thus, TXA2 synthesis (29) . In this study, we took advantage of our newly reconstituted integrin activation model in CHO cells (15) and examined the effects of dominant negative mutants of Raf-1 and MEK1 on GPIb-IX-mediated integrin activation in this system. We conclude that ERK pathway is important in integrin activation via the GPIb-IX signaling pathway. This conclusion is supported by the following findings. 1) Dominant negative mutants of MAP kinase pathway, Raf301 and MEK1 M97K, inhibited GPIb-IX-mediated activation of integrin ␣ IIb ␤ 3 in a reconstituted CHO cell expression model; 2) MEK inhibitors PD98059 and U0126 inhibited vWF and low dose thrombin-induced, integrin-dependent platelet aggregation in platelets in a cyclooxygenase-independent manner; and 3) vWF binding to GPIb-IX induced phosphorylation of ERK2 at the Thr-Glu-Tyr sequence, indicating that the ERK MAPK pathway is activated. The results obtained in the CHO cell model using recombinant DNA technology and results obtained in platelets using various MEK1 inhibitors and biochemical assays are highly consistent. Inhibition of integrin activation by the dominant negative mutants of MAPK pathway excludes the possible nonspecific effects of pharmacological agents, and results obtained in human platelets indicate that the reconstituted CHO cell model appropriately reflects the role of MAPK pathway in platelets. Furthermore, our data indicate that the inhibitory effect of MEK inhibitor PD98059 is not likely to result from its effects on cyclooxygenases because the inhibitory effect of PD98059 was seen when cyclooxygenases were already inhibited by high concentrations of aspirin (Fig. 4) . Furthermore, aspirin had no inhibitory effect on vWF-induced integrin activation in CHO cells (not shown), vWF-induced the first wave of platelet aggregation (Fig. 4) , or low-dose thrombin-induced platelet aggregation (Fig. 5) , all of which were inhibited by PD98059. Consistent with our results, it was previously shown that ristocetin-induced production of TXA2 was inhibited by anti-integrin monoclonal antibodies, suggesting that integrin activation precedes vWF-induced TXA2 production (35) . Thus, MAPK pathway stimulates GPIb-IX-dependent integrin activation and platelet aggregation in a TXA2-independent manner.
We have recently shown that the PKG pathway plays an important role in GPIb-IX-mediated activation of the platelet integrin ␣ IIb ␤ 3 . 2 Here we show that expression of recombinant PKG in the CHO cell model significantly enhances GPIb-IXinduced ERK pathway activation, and inhibition of PKG abolished GPIb-IX-induced ERK pathway activation. Furthermore, activation of PKG by cGMP analogs is sufficient to activate ERK pathway. Thus we conclude that the ERK pathway is downstream from PKG in the GPIb-IX-signaling pathway. Although the classic MAPK activation pathway is mediated by the receptor tyrosine kinases via Ras, it has been shown that the ERK pathway is also regulated by multiple cellular signals, including PKG (36 -38) . However, there have been controversies about whether PKG activates or inhibits MAPK pathway. In one study, ERK activity was reportedly reduced after prolonged incubation (30 min) with cGMP analogs in baby hamster kidney cells (36) , However, others found that PKG activated MAPK pathway in endothelial cells and smooth muscle U0126 (B) . PRP was also incubated with Me 2 SO (DMSO) (vehicle for PD98059 and U0126). The vWF modulator, ristocetin, was then added to induce vWF-GPIb-IX interaction. Ristocetininduced platelet aggregation/agglutination was recorded using a platelet turbidometric aggregometer. C, PRP was incubated without (Control) or with aspirin (100 g/ml) and Me 2 SO at 37°C for 5 min. Aspirin-treated platelets were also incubated in the presence of PD98059 (20 M) or RGDS (1 mM). Ristocetin (1.25 mg/ml) was then added to PRP to induce platelet aggregation/agglutination. cells (37, 38) . PKG directly phosphorylates and activates Raf-1, the upstream kinase in the ERK pathway (37) . Our results are consistent with the latter studies. One possible reason for the apparent contradicting results is the difference in the incubation time after the addition of cGMP analogs. Our data indicate that vWF or cGMP analogs induce a rapid increase in ERK2 phosphorylation in platelets that peaks at 30 s (1 min in some donors) and decreases after prolonged incubation (Fig. 6) , suggesting that PKG-mediated ERK phosphorylation is a transient event. This is consistent with our observations that cGMP analogs promoted platelet activation only when added simultaneously or immediately after the addition of an agonist such as vWF or thrombin. 2 Prolonged preincubation of cGMP analogs with platelets inhibits subsequent platelet response to platelet agonists in a protein kinase A-dependent manner and induces protein kinase A-mediated phosphorylation of vasodilator-stimulated phosphoprotein. 2 Thus, it is possible that after a prolonged incubation, cGMP-induced activation of a cAMPprotein kinase A pathway may diminish the function of PKG to induce ERK pathway activation. It is also possible that after the initial activation of MAPK pathway and the integrin, the outside-in signaling of integrin may cause MAPK dephosphorylation, since ligand binding to integrin has been shown to negatively regulate agonist-stimulated ERK activity in platelets (39) .
There have been several interesting observations on the relationship between MAPK pathway and integrin signaling in recent years. Although Zhang et al. (40) reports that Ra-Ras enhanced integrin activity, Hughes et al. (41) find that the activity of a constitutively active ␣ IIb /␣ 5 ␤ 3 /␤ 1 chimera integrin expressed in CHO cells was enhanced by the expression of a dominant negative mutant of Ha-Ras but was inhibited by the constitutively active Raf mutant or Ha-Ras. The results by Hughes et al. (41) apparently contradict our data that dominant negative mutants of Raf and MEK inhibited ␣ IIb ␤ 3 activation induced by GPIb-IX. However, there is a major difference between the experiments of Hughes et al. (41) and ours. The integrin mutant used by Hughes et al. (41) was a chimera integrin with the cytoplasmic domain of the ␣ IIb replaced by the cytoplasmic domain of ␣ 5 (or ␣ subunits other than ␣ IIb ) and the cytoplasmic domain of the ␤ 3 replaced by the cytoplasmic domain of ␤ 1 . Thus, in effect, the cytoplasmic regulatory domain of this integrin mutant was not an ␣ IIb ␤ 3 but a ␤ 1 integrin or a hybrid between ␤ 3 and one of the ␣ subunits that are constitutively active in cells. This may explain why the chimera mutants, unlike wild type integrin ␣ IIb ␤ 3 , are constitutively active. In contrast, we used wild type integrin ␣ IIb ␤ 3 coexpressed with platelet GPIb-IX. The wild type ␣ IIb ␤ 3 is normally in resting state but becomes activated only after agonist stimulation. Thus, the results from Hughes et al. (41) may reflect a negative regulation of constitutively active integrins (such as ␤ 1 integrins), but our results reflect stimulatory roles of MAPK pathway in the inside-out signaling of the integrin ␣ IIb ␤ 3 . In this respect, it is interesting to note that the effects of integrin outside-in signaling on ERK pathway is also different between different integrins. Although ␤ 1 integrin stimulates activation of ERK pathway in several cell types (42) , ligand binding to ␣ IIb ␤ 3 has been shown to inhibit ERK pathway in platelets (39) . It would be interesting to further investigate the mechanisms of the different interrelationships between MAPK pathway and different members of the integrin family.
Although we have identified that the cGMP-PKG-MAPK pathway mediates GPIb-IX-dependent integrin activation signaling, it is important to note that activation of PKG-MAPK pathway by adding cGMP analogs alone in the absence of vWF or thrombin stimulation is not sufficient to activate integrin ␣ IIb ␤ 3 . 2 Thus, it appears that additional parallel signaling pathways induced by vWF or thrombin is required for integrin activation in addition to the cGMP-PKG-MAPK pathway. In this respect, it has been reported that vWF-induced platelet activation requires activation of the Fc receptor ␥II (or Fc receptor ␥-chain)-protein-tyrosine kinase Syk-signaling pathway ( Fig. 7 ) (43) (44) (45) (46) . In addition, GPIb-IX is associated with several intracellular signaling proteins including 14-3-3 (47, 48) , phosphatidylinositol 3-kinase (via 14-3-3) (49), and calmodulin (50) . Although the roles of these proteins in GPIb-IX signaling are still unclear, it is possible that these proteins are also involved in GPIb-IX-mediated signaling. Thus, GPIb-IXmediated integrin activation requires coordination of two or more signaling pathways (Fig. 7) , one of which is the cGMP-PKG-MAPK-signaling pathway.
The downstream signaling pathway of MAPK-mediated integrin activation is still unknown. Because ERK has been shown to phosphorylate and activate cytoplasmic phospholipase A2 (27) , it is a possibility that activation of cytoplasmic phospholipase A2 may be a downstream link between ERK and integrin activation. However, previous studies suggest that the release of arachidonic acid during platelet activation is not affected by MEK inhibitor PD98059 (29) , and vWF-induced TXA2 production is preceded by integrin activation (35) . We show that vWF-induced integrin activation and low dosethrombin-induced platelet aggregation are not inhibited by aspirin. These data suggest that ERK-dependent activation of integrin does not require the TXA2 pathway. Although TXA2 is important in the irreversible second wave of platelet aggregation induced by certain agonists, the second wave of platelet aggregation not only requires integrin activation but also requires integrin-dependent outside-in signaling and release of granule contents. It would be interesting to further investigate the downstream mechanism of the MAP kinase-dependent integrin activation pathway.
